As tools for functional genomics, expression pro®l-
INTRODUCTION
While new techniques for global analysis of gene and protein expression provide an enormous body of correlative data, techniques for linking gene expression directly to gene function are lacking. Expression cloning strategies are alluring because of their power to assign a phenotypic consequenceÐ gene functionÐin an immediate and de®nitive manner. Genomic DNA transfection and plasmid library transfection have been used to clone the ®rst cellular oncogene, Ras (1,2), the immunoglobulin recombinase gene, Rag-1 (3), and numerous lymphocyte antigens (4) . But expression cloning can be tedious because of inef®cient gene transfer and the formidable challenge of recovery and validation of candidate genes.
Retroviral vectors enable ef®cient and stable gene transfer into a variety of cell types, but the dif®culty in recovering the integrated provirus has hindered their use in expression cloning. The pSVX vector was the ®rst retroviral expression vector to employ a`shuttle' strategy, incorporating antibiotic resistance markers and a bacterial origin of replication so that integrated provirus could be recovered from infected cells and transformed directly into a bacterial host for ampli®cation as plasmid DNA (5) . The pSVX vector, however, was plagued by low titers and prone to recombination during the recovery procedure. Moreover, expression cloning applications were extremely laborious until the advent of library packaging strategies that employed transient transfection for production of viral supernatant (6, 7) .
In the pEYK retroviral vectors described here, we utilize the same principles of proviral recovery, but have tested a variety of different vector structures that sustain high viral titer and gene expression while conferring enhanced vector versatility. In this report we provide a comparison of titers, gene expression, and cDNA recovery ef®ciencies for three novel retroviral vectors. Such quantitative parameters de®ne the realistic advantages and limitations of these vectors for functional screens. These vectors have proven useful to identify genes linked to cell proliferation, senescence and apoptosis (8±11; E.Koh, T.Chen and G.Q.Daley, manuscript in preparation).
MATERIALS AND METHODS

Cell culture
Culture of the murine interleukin-3 (IL-3)-dependent BaF/3 cells has been previously described (12) .
Plasmid construction
For pEYK1, the supF gene was PCR ampli®ed from pCDNA1.1 (Invitrogen), using the primers SupF.5 (5¢-GCGCGTCGACATCGACGATGGTCTTTCTCAACG-3¢) and SupF.3 (5¢-GCGCCTCGAGATTATCGATCTTTCG-GAC-3¢), and cloned into the SalI site of pMX (13) . pEYK1 incorporates a mutated supF gene.
For pEYK2, site-directed mutagenesis was performed on pMX using the QuikChange kit (Stratagene) with primers 1072.F (5¢-CTGTATTTGTCTGAAAAAAGGGCCCGGG-CAG-3¢) and 1072.R (5¢-CTGGCCCGGGCCCTTTTTTCA-GACAAATACAG-3¢) and 1847.F (5¢-CTTCCCTGACCC-TGACAAGACAAGAGTTACTAAC-3¢) and 1847.R (5¢-GTTAGTAACTCTTGTCTTGTCAGGGTCAGGGAAG-3¢).
For the 959 long terminal repeat (LTR), a dsDNA oligonucleotide that contained the NotI, loxP and AscI sites (959.UP 5¢-CTAGCGCGGCCGCATAACTTCGTATAGCA-TACATTATACGAAGTTATTTAATTAAGGCGCGCCT-3¢ and 959.DOWN 5¢-CTAGAGGCGCGCCTTAATTAAATA-*To whom correspondence should be addressed. Tel: +1 617 258 7209; Fax: +1 617 258 5213; Email: daley@wi.mit.edu ACTTCGTATAATGTATGCTATACGAA-3¢) was placed in the NheI site of the U3 region of the LTR, generating the intermediate plasmid pEYK7.
For pEYK2.1, the ble gene was PCR ampli®ed from the pEM7/Zeo vector (Invitrogen), using the primers EM7.X (5¢-GCGCCTCGAGTGTTGACAATC-3¢) and ZE0.X (5¢-GCG-CCTCGAGTCAGTCCTGCTC-3¢). The PCR product was placed in the SalI site of pEYK2. The proviral fragment was placed into pEYK7 at the NheI site to generate pEYK2.1.
For pEYK3.1, the single LTR provirus was generated from pDOL by digesting with XbaI, eliminating the backbone, and then self-ligating to generate pDSL. For the ble-ColE1 fusion, the ble gene was PCR ampli®ed from the pEM7/Zeo vector, using the primers EM7.X (5¢-GCGCCTCGAGTGTTGACA-ATC-3¢) and ZE0.M (5¢-GCGCACGCGTTCAGTCCTG-CTC-3¢). The ColE1 fragment was PCR ampli®ed from pEYK2 using the primers COLF.M (5¢-GCGCACGCGTGC-GTAATCTGCTGCTTGC-3¢) and COLR.C (5¢-GCGCAT-CGATGCGTTGCTGGCGTTTTTCC-3¢). The ble-ColE1 fusion was created by ligating the fragments at the MluI site and PCR amplifying using the primers EM7.X and COLR.C. The resulting PCR fragment was cloned at the SalI and ClaI sites of pDSL. The 959 LTR from pEYK7 was cloned into the NheI and KpnI sites, resulting in the pEYK3 vector. The mutagenized 1 kb gag region of pEYK2 was placed into pEYK3 via the KpnI and BamHI sites, yielding pEYK3.1.
Retroviral generation and infections
293T cells (5 Q 10 5 ) were plated onto 6 cm plates the day before transfection. The cells were transfected with FuGENE6 (Roche) according to the supplied protocol with 1:1 ratio of the retroviral construct to the packaging construct PCL-eco (7). The medium was changed 16 h after transfection. At 30 h after transfection, supernatants were isolated and ®ltered through 0.45 mm ®lter (Acrodisc). Using centrifugation (2500 g for 1.5 h at 33°C in a Sorvall RT 6000 tabletop centrifuge), cells were infected with the retroviral supernatant supplemented with 8 mg/ml of polybrene (Sigma) and IL-3.
PCR rescue
PCR primers for pEYK1 were designed using the Primer 3 program (Whitehead Center for Genome Research; wwwgenome.wi.mit.edu/cgi-bin/primer/primer3.cgi). The primers 1759 (5¢-AAAGGACCTTACACAGTCCTGCTGA-3¢) and 3289 (5¢-CCACAGGTAATGCTTTTACTGGCCT-3¢) were utilized with the Expand High Fidelity PCR kit (Roche).
Restriction enzyme and Cre rescue For pEYK2.1, 100 ng of NotI or AscI digested genomic DNA containing single-copy provirus was ligated to 1 mg of the correspondingly digested pEYK7 plasmid. For pEYK3.1, 1 mg of NotI or AscI digested genomic DNA containing single-copy provirus was self-ligated in dilute conditions (100 ml per 1 mg of DNA). The ligation mixture was phenol/chloroform extracted and ethanol precipitated before transformation into Electromax DH10B (Life Technologies). The bacteria were selected on LB plates containing zeocin (50 mg/ml, Invitrogen) alone or together with ampicillin (100 mg/ml, Sigma). For the cre-mediated rescue of pEYK3.1, 1 mg genomic was treated with cre enzyme (Invitrogen) according to the protocol supplied by the manufacturer.
Reversion analysis
The BCR-ABL oncogene was subcloned into pEYK3.1 at the EcoRI sites, generating the pEYK3.1-B/A vector. BaF/3 cells were infected and deprived of IL-3 2 days post-infection. The factor-independent population was then infected with MIG-cre in media containing IL-3. Two days later, half the population was deprived of IL-3, while the other half continued to receive IL-3. Two days later,¯uorescence activated cell sorter (FACS) analyses were performed to determine the percentage of GFP positive viable cells. Immunoblot assays and densitometric analyses were performed as previously described (12) .
RESULTS
pEYK1: enhanced PCR recovery
In attempting PCR ampli®cation of a candidate cDNA from an integrated provirus, the length and GC content are two critical but unknown factors, making PCR recovery essentially a blinded process. Our initial efforts to perform genetic screens of cDNA expression libraries using the pMX retroviral vector (13) were confounded by inef®cient recovery of cDNA inserts by PCR. In the pEYK1 vector, PCR-based recovery was greatly facilitated by virtue of a unique 3¢ primer binding site inserted into the vector.
The design of the pEYK1 vector was a fortuitous product of efforts to incorporate the bacterial amber stop codon tRNA suppressor gene supF into the pMX vector to enable selection in bacterial hosts (14) . In vectors carrying supF, bacterial transformation ef®ciency decreased by >10-fold and bacterial colonies varied dramatically in size. This resulted in an undesirable reduction in library complexity and introduced unequal representation of clone frequencies in the library. Sequencing of the supF gene in several large colonies revealed inactivating mutations, re¯ecting selective pressures on the toxic supF gene. Though non-functional, the inactive version of supF (termed subF) served as unique sequence for primer binding and southern hybridization. Efforts to incorporate unique primer binding sequences 5¢ of the cDNA insertion site led to unacceptable loss of titer and cDNA expression and were therefore abandoned.
The resulting pEYK1 vector had comparable retroviral titers and only modestly decreased GFP expression levels relative to pMX (Figs 1 and 2 ). To select optimal primers for PCR recovery from pEYK1, we designed 15 primer pairs using unique subF sequences as a 3¢ anchor, and tested each for ampli®cation ef®ciency and ®delity. Using a single copy proviral template containing GFP as the cDNA insert, we reproducibly recovered the target sequence (~700 bp) from a minimum of 2 ng of genomic DNA with the optimal pair of primers (1759 and 3289; Fig. 1 ). The ef®ciency of PCR ampli®cation, however, depends on the size of the cDNA insert. We were unable to recover the BCR/ABL cDNA (~7 kb) from integrated pEYK1 provirus containing this oncogene. Thus, isolation of long cDNAs remains a limitation of PCR recovery. 
Mobilization of integrated provirus by Moloney murine leukemia virus
Recovery by superinfection with the replication competent Moloney murine leukemia virus is an indirect method for isolating integrated provirus from selected murine cells. However, the resulting retroviral supernatants typically possess a low titer of recombinant virus (10 2 ±10 3 IFU/ml), and the presence of multiple viral templates within infected cells can confound PCR ampli®cation (data not shown). Applying this rescue strategy in non-murine cells necessitates use of replication competent virus whose host range includes the target cell, like amphotropic helper virus (15) . Nevertheless, this technique can be useful in cases where PCR rescue fails.
pEYK2.1 and pEYK3.1: direct proviral recovery
To obviate PCR-based cDNA isolation altogether, we created two retroviral vectors that enable recovery of an intact provirus from genomic DNA in the form of a plasmid vector that can be propagated in bacterial hosts. This required engineering the LTR to facilitate excision and circularization of the provirus, and incorporating appropriate selectable markers and bacterial replicons within the retroviral sequences.
To enable excision of the integrated provirus, we introduced two restriction enzyme sites (NotI and AscI) and a loxP site into the U3 region of the 3¢ LTR, thus generating the 959 LTR (Fig. 1) . During the retroviral life cycle, the 959 U3 region is duplicated at both the 5¢ and 3¢ LTRs, resulting in an integrated provirus that is¯anked by identical restriction enzyme and loxP sites. Insertion of various sequences into the 3¢ LTR can be achieved without compromising viral function (16, 17) , and likewise we observed no diminution of titer or cDNA expression with the 959 LTR (data not shown).
The pEYK2.1 retroviral vector contains the 959 LTR and the bacterial marker ble, which confers bleomycin/zeocin resistance (18) (Fig. 1) . When integrated in the genome, the pEYK2.1 provirus can be excised by restriction enzyme digestion of genomic DNA. (By virtue of their rare 8 bp recognition sequences, either NotI or AscI is likely to liberate full-length provirus.) Upon ligation to a plasmid backbone carrying a bacterial origin of replication and a b-lactamase gene, the recovered pEYK2.1 provirus can be directly transformed into bacterial cells and selected for dual resistance to ampicillin and zeocin. If the plasmid backbone contains the complementary LTR sequences, then half of the recovered plasmid will regenerate a functional viral vector and can be employed directly to iterate the screen. The rescue ef®ciency from genomic DNA carrying a single copy provirus containing the GFP cDNA was at least 100 bacterial colonies per mg. The ble gene did not diminish viral titers, but modestly decreased levels of expression compared to the parental pEYK2 vector (Fig. 2) . This vector is able to tolerate larger cDNA inserts than pEYK3.1, which is described below.
The most versatile vector, pEYK3.1, incorporates a selectable marker and a bacterial origin of replication within the retrovirus itself, thereby enabling direct recovery of an excised provirus in plasmid form. Within the circular plasmid DNA, the single LTR provides both 5¢ promoter and 3¢ transcription termination functions. Therefore, the recovered retroviral (19) . The two ATGs within the extended gag region capable of generating gag-cDNA fusion proteins by alternative translation initiation were eliminated by site-directed mutagenesis (denoted by **). The 959 LTR (red arrow) consists of unique restriction enzyme sites (N-NotI and A-AscI) and a loxP site. Retroviral titers were determined as averages of triplicate infections with standard deviations. Titers are shown as 10 6 infectious units per ml. The minimal quantity of genomic DNA needed to recover the GFP insert or the intact provirus from cells containing a single-copy provirus was determined for each vector. For pEYK3.1, amount of genomic DNA required for recovery by restriction digestion and intramolecular ligation (#) or cre-mediated excision and intramolecular ligation (##).
plasmid can serve immediately as a retroviral vector (Fig. 1) . Following excision of the provirus from genomic DNA by restriction digestion, recircularization by intramolecular ligation, and bacterial transformation, the rate of recovery for pEYK3.1 containing the GFP cDNA is consistently >1000 colonies per mg of genomic DNA. The structure of the recovered provirus is intact in virtually all cases (39/40, data not shown).
Alternatively, incubation of genomic DNA with the cre recombinase protein can excise the pEYK3.1 provirus by in vitro intramolecular recombination. This process yields intact, functional plasmid circles in virtually all cases (29/30, data not shown). The cre-mediated rescue, however, is ®ve times less ef®cient than restriction enzyme digestion of genomic DNA followed by self-ligation (Fig. 1) . In contrast to the PCR-based strategy in pEYK1, this direct recovery of the pEYK3.1 provirus is able to recover larger cDNA fragments, including BCR/ABL (~7 kb), and the re-isolation consistently recovered structurally intact virus (25/28, data not shown). The recovery ef®ciency for the BCR/ABL provirus, however, was approximately three times lower than the rescue of the GFP cDNA insert (~340 colonies per mg of genomic DNA). For both pEYK2.1 and pEYK3.1, the rescued proviral plasmids generated titers and expression levels equivalent to the parental retroviral vectors (data not shown).
Mutagenesis of gag region results in enhanced cDNA expression
Addition of genetic elements to add functionality to the retroviral vectors created a dilemma. Increasing the versatility of the virus was often at the expense of viral titers and expression levels. Therefore, we explored additional strategies to offset the loss in gene expression levels. The inclusion of the retroviral gag sequence has been proven to augment viral titers through enhanced packaging (19) . In order to prevent translation of gag proteins, vectors incorporating the extended gag region carry a mutation to inactivate the initiator ATG codon (20) . In order to eliminate the potential competition for translation initiation from two internal ATGs within the proviral gag region, we mutagenized these residues. Empirically, we determined that elimination of the two internal ATGs increased GFP expression levels 4-fold when incorporated into the pEYK3.1 vector (Fig. 2B) . Thus overall, while the pEYK3.1 vector has modestly decreased expression levels and reduced titers (Fig. 2) , this compromise is an acceptable tradeoff in order to achieve rapid, ef®cient proviral rescue.
Reversion analysis of BCR-ABL transformed cells
An additional advantage of the pEYK2.1 and pEYK3.1 vectors is the capacity to perform a genetic reversion test in selected cells to con®rm the link between cDNA expression and phenotype. Because the integrated provirus is¯anked by loxP sites, expression of the cre recombinase gene can mediate excision in selected cells. We generated IL-3 independent BaF/3 cells transformed by the BCR/ABL oncoprotein (12) expressed from the pEYK3.1-BCR/ABL virus (Fig. 3A) , and infected them with a bicistronic retrovirus expressing both the cre and GFP genes (21) . Cell viability of cre-GFP positive cells decreased signi®cantly by 48 h (Fig. 3B) , accompanied by loss of BCR/ABL expression (Fig. 3C) , demonstrating that in vivo excision of the BCR/ABL cDNA successfully reverts the transformed phenotype.
DISCUSSION
The advantages of retroviral vectors for stable and ef®cient gene transduction are widely appreciated. The vectors described here were designed to optimize retroviral titers and cDNA expression and to facilitate rapid, ef®cient recovery of candidate genes from complex retroviral cDNA libraries.
Three strategies can be employed to rescue pEYK vectors from selected cells, with particular advantages and tradeoffs for each (Fig. 4) . First, cDNA candidates can be directly recovered by PCR ampli®cation of genomic DNA from selected cells. Previously, several laboratories have developed retroviral vectors that rely upon a PCR-based recovery strategy [e.g., pCTV (14) and pMX (13)]. PCR-based recovery of cDNA inserts can clearly be successful (14,22,23 ), but in our hands it has been plagued by inef®ciency. The reported ef®ciency of gene recovery in functional assays is only comparable to episomal vectors derived from Epstein Barr Virus (1 in 10 5 ) (24±26).
The pEYK1 vector was designed to achieve reliable and ef®cient recovery of cDNAs by PCR. It tolerates the largest cDNA inserts, generates high titers, and shows improved ef®ciency for cDNA rescue. However, subsequent regeneration of the retroviral vector and repetition of the screen still requires laborious sub-cloning steps. Our inability to recover the BCR-ABL oncogene from the pEYK1 vector by PCR ampli®cation demonstrates the limitations of a PCR-based strategy to recover larger cDNAs, thereby necessitating alternative strategies for recovery.
A second strategy for proviral rescue is superinfection with replication competent helper-virus (e.g., Moloney murine leukemia virus for mouse cells). This mobilizes the integrated proviruses into the cell supernatant for subsequent rounds of infection. However, this generates additional viral templates in infected cells that reduce the ef®ciency of PCR rescue of cDNA inserts.
The third and most expeditious strategy is to rescue the provirus in the form of a functional plasmid directly from genomic DNA of selected cells using the pEYK2.1 and pEYK3.1 vectors. This recovery scheme entails either a cre recombinase-mediated excision event or restriction enzyme digestion of LTRs followed by either ligation to an acceptor plasmid (pEYK2.1) or self-ligation (pEYK3.1) to regenerate circular provirus in plasmid form. The use of restriction enzymes to excise the provirus from genomic DNA is ®ve times more ef®cient than recombinase-mediated excision, and allows an ef®ciency of recovery that approaches PCR-based rescue. The restriction enzyme mediated recovery of pEYK3.1 is 20-fold more ef®cient than for pEYK2.1, likely due to the different intrinsic ef®ciencies of intramolecular versus intermolecular ligation reactions.
The pEYK2.1 and pEYK3.1 vectors expedite rescreening through rapid recovery of enriched retroviral plasmid sublibraries. These sub-libraries can be directly transfected onto packaging cells for screen iteration, critical for winnowing candidates into a few validated genes. Furthermore, recovery of the cDNA in plasmid form ultimately expedites de®nitive sequence analysis.
Both the pEYK2.1 and pEYK3.1 vectors and the MaRX retroviral vectors developed by Hannon et al. (27) embody a shuttle vector strategy with conceptual similarity to pSVX (5). However, the pEYK3.1 vector, our most versatile, incorporates several advantageous features: (i) it carries two point mutations in the gag region that enhance cDNA expression; (ii) it allows proviral recovery by the more ef®cient method of restriction enzyme digestion to re-isolate the integrated provirus as a circular plasmid; and (iii) it utilizes a bacterial origin that can be propagated in a broader variety of bacterial hosts.
The pEYK vectors address some of the major bottlenecks encountered in expression cloning from retroviral libraries. Our phenotypic screens with a known cDNA diluted into a plasmid library have re-isolated clones represented at a frequency of 1 in 10 6 Ðan ef®ciency at least 10-fold greater than reported for other retroviral vectors (13, 24, 28) . To date, the pEYK retroviral vectors have been applied in diverse screens to identify genes that overcome premature senescence in bmi-1 knock-out mouse embryonic ®broblasts (MEFs) (9), the slow-growth phenotype of ®broblasts lacking c-myc (8), ras-mediated senescence (10) , senescence in MEFs conditionally transformed by SV40 large-T (11), and apoptosis in cytokine-dependent hematopoietic cells (E.Koh, T.Chen and G.Q.Daley, manuscript in preparation).
These phenotypic screens with the pEYK vector have thus far isolated cDNAs encoding a dominant gain-of-function or a dominant-negative. The identi®cation of recessive loss-offunction phenotypes may be dif®cult but not impossible. With the strong retroviral promoter driving the expression of the cDNAs, generation of inhibitors that block protein function could mimic loss-of-function phenotypes. For these recessive/suppression screens, two approaches have and will become useful in identifying candidates in loss-of-function screen: antisense/genetic suppressor elements (29±33) and RNA-i (34) .
Despite the dif®culties in recessive phenotypic screens, several laboratories have been successful in identifying genes through the overexpression of antisense libraries. These phenotypic screens examine the role of loss of function in providing cells with a survival and/or proliferative advantage. Deiss and Kimchi (29) have identi®ed thioredoxin as a proapoptotic gene, and Whitehead et al. have identi®ed that the loss of Spi-2 gene results in 3T3 transformation (14) . However, many antisense constructs have failed to cause a signi®cant change in biological phenotypes (35, 36) . These failures indicate a huge barrier to using antisense strategies to cover the whole genome in recessive screens. The combination of antisense cDNA, genetic suppressor elements, and RNA-i may provide the solution, allowing saturation of loss of function at each genetic locus (34,37±39).
The pEYK vectors can be utilized to screen mutant alleles of a speci®c gene. The desired gene can be altered through mutagenic PCR conditions or by propagation of plasmids in mutagenic bacterial strains. Such strategies have been utilized to identify oncogenic forms of the c-mpl (thrombopoietin receptor) gene (40) and constitutively active forms of the STAT5 gene (41, 42) . These mutagenic screens can serve to identify neomorphic or dominant-negative allelesÐboth useful reagents in understanding gene function. Again, the ease in recovering the mutant alleles becomes critical in these screens; the ef®cient recovery in pEYK vectors allows for quick isolation and identi®cation of mutant alleles.
Recent advances in retroviral packaging into high titer supernatants has been key to enabling ef®cient genetic screens with retroviral libraries. Using pCL-Eco to generate helperfree supernatants (7), the pEYK1 and pEYK2.1 vectors consistently produce titers of >5 Q 10 6 IFU/ml. The pEYK3.1 vector generates lower titers (>10 6 IFU/ml), but even given conservative estimates for full-length representation in cDNA libraries, these titers are adequate to represent the estimated 30 000±40 000 genes in the human genome in a single small volume of viral supernatant, thereby enabling ef®cient genome-wide screens. With the completion of the genome sequences for human and mouse, it becomes possible to envision retroviral libraries comprised of a normalized set of all full-length cDNAs and splice variants. Assembling such complete clone libraries constitutes an important enabling technology for assigning gene function throughout the genome. The set of vectors described here should facilitate applications of these libraries in diverse functional genomic screens.
